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A multilayer quantum dot sample has been excited with a strong terahertz (THz) electric field and probed with a near-infrared (NIR) laser. First- and second-order THz optical sidebands are generated on the NIR probe beam by driving quantum dot intersublevel resonances with the THz fields. A conversion efficiency of 3 x 10-6 was obtained for the conversion of NIR power into sideband emission at 4 K, decreasing by a factor of twenty up to room temperature. The sideband emission wavelength can be tuned over ~20 nm by selection of appropriate NIR and THz frequencies, due to the inhomogeneous broadening of the dot ensemble.























The ability to rapidly switch between one near-infrared wavelength to another is crucial to form an efficient wavelength division multiplexed (WDM) optical communication network​[1]​.  Wavelength switching has previously been achieved in all optical systems using semiconductor optical amplifiers (SOAs)1,​[2]​ , semiconductor lasers​[3]​ and optical fibers​[4]​. 

An alternative method for optical switching is terahertz (THz) electro-optic (EO) modulation in GaAs quantum wells​[5]​, ​[6]​, ​[7]​, ​[8]​,  ​[9]​, . In this technique the speed of the switching is not limited by factors such as gain and carrier dynamics as is the case for SOAs and lasers.  Furthermore the wavelength can be tuned in such a system via applying electric5 or magnetic fields​[10]​,​[11]​. THz EO modulation mixes a near-infrared (NIR) beam of frequency ωNIR with a THz beam of frequency ωTHz in a semiconductor quantum well structure. Sidebands are then emitted at a frequency of ωSideband = ωNIR + nωTHz, where n = ± 1,2,3, .. To achieve the generation of odd sidebands the inversion symmetry of the system must be broken either by the application of an external field or through the design of the quantum well​[12]​. 

Sidebands generated in this manner have been demonstrated to convert the NIR radiation into sideband emission with an efficiency of 0.2 % and have also been observed up to room temperature7,​[13]​. Although theoretical studies have been performed to investigate whether sideband generation can also occur in quantum dot heterostructures​[14]​, to date sidebands have not been observed in quantum dot (QD) systems. 
In this letter we report optical sideband generation from a quantum dot  heterostructure. The experimental geometry is simplified compared with quantum well systems, with the optical selection rules allowing normal incidence excitation for both THz and NIR beams. The generation of odd sidebands is observed due to the inherent shape and compositional asymmetry of the QDs. We show that sidebands can be generated and tuned over a relatively wide frequency range, compared with a quantum well excitonic system, as a result of the inhomogeneous broadening of the dot ensemble. In addition, sidebands are observed to temperatures in excess of room temperature. 

The investigated sample was grown by Molecular Beam Epitaxy (MBE) and consists of 80 layers of nominally InAs self-assembled QDs separated by 50 nm wide GaAs barriers, thus preventing both structural and electronic coupling between the layers. The dots are populated with electrons transferred from a Si-doped layer grown ~ 2 nm below each layer. The doping density was controlled to charge each dot with at most 1 electron. The sample underwent post-growth thermal annealing at 820 oC for 4 minutes (see Zibik et al.​[15]​ and references therein for more details) to bring the interband and intersublevel energy separations into readily accessible ranges. By doping the sample we can study the fundamental intersublevel transition, which occurs at an energy close to 27 meV and involves the ground (s) and excited conduction band states (p) in the QDs. There is no intentional breaking of the symmetry in the growth direction in this sample with all the dot layers being nominally identical. 

FELBE, the free-electron laser (FEL) at the Forschungszentrum Dresden-Rossendorf, was used as a source of intense THz radiation, tuned close to resonance with the QD s-p transition and delivering pulses with 5-8 ps duration at a repetition rate of 13 MHz. The NIR probe was provided by a tunable Ti:sapphire laser (Spectra Physics: Tsunami) with ~3 ps pulses at a repetition rate of 13 MHz (reduced by a pulse picker and synchronized to the FEL).  The NIR probe pulses were transmitted through the sample and were spatially and temporally aligned to the FEL beam that was focused onto the back of the sample near normal incidence (see left inset of Fig. 1). For the experiments the sample was placed in a liquid helium flow cryostat equipped with diamond windows where its temperature could be varied between 4 and 350 K.  The transmitted NIR beam and any emission from the sample is dispersed by a grating spectrometer and detected using a charge coupled device camera. 

Figure 1 shows the spectra of the transmitted NIR beam along with the generated sidebands at 4 K for an FEL wavelength of 46 µm (27 meV) and a THz peak intensity of approximately 6 MW/cm2.  The transmitted NIR beam can be seen at 1.29 eV. This energy is chosen to coincide with the peak of the photoluminescence (PL) emission at 4 K, see inset of figure 1, and is attenuated to allow all the spectra to be clearly observed. The presence of sideband emission was verified by comparing the time decay of the laser signal and the sidebands to ensure that observed spectra were not a photoluminescence (PL)-related effect. The n = + 1 sideband is observed at an energy of 1.318 eV (27 meV away from the laser line as expected), the n = + 2 and n = - 1 sidebands are also observed at the expected NIR energies. Odd number sidebands can clearly be seen in figure 1, despite the fact that there is no intentional breaking of symmetry in the growth direction as is required in the case of odd sidebands in quantum well structures. The most likely explanation for this is due to the misalignment of electron and hole wave functions within the dots ​[16]​ resulting in an asymmetric system. The n = + 1 sideband clearly has the largest signal and has a conversion efficiency for the NIR radiation of around 3 x 10-6. The conversion efficiency for the n = + 1 sideband was evaluated as a function of FEL power and found to have a linear dependence up to high powers, where a decrease in efficiency then occurs due to internal heating of the sample. By monitoring the red shift of the QD PL with FEL power we estimate the sample to be heated to ~ 40 K at the highest FEL powers. The n = + 2 sideband was observed to have a quadratic dependence on the FEL power (again until heating effects lead to a decrease), as expected for a two photon process.  Additionally, the sidebands were found to have the same linear or circular polarization as that of the incident NIR beam and no sideband signal was observed upon tuning the FEL energy away from the s-p transition energy. 

We have also investigated how the n = +1 sideband conversion efficiency changes with temperature between 4 and 350 K (the highest temperature used was limited only by our measurement system), and this is presented in figure 2. The sideband at 4 K was generated with a NIR beam of wavelength 960 nm (1.29 eV) and with an NIR peak intensity of 80 kW/cm2 while the FEL beam had a wavelength of 46 µm and a peak intensity of 10 MW/cm2.  As the temperature is increased the bandgap of the dots decreases resulting in the NIR beam probing a different sub-ensemble at each temperature. To compensate for this, the NIR wavelength was tuned at each temperature in accordance with the bandgap of GaAs to ensure that the same subset of dots was studied. This could be achieved until a temperature of 150 K (corresponding to a NIR wavelength of 995 nm) after which we were unable to tune the NIR probe laser to track the bandgap variation. Above this temperature in figure 2 a different subset of dots is probed at each point. It can clearly be seen that the sideband conversion efficiency decreases as the temperature is increased. Once above ~250 K the efficiency drops off at  an increased rate which may be due to the fact that at these temperatures the NIR beam cannot be tuned to the resonance of the PL spectra and therefore the sidebands are generated further away from the peak of the PL at each temperature. The conversion efficiency at 300 K was 2 x 10-7 and the rate of decrease of efficiency with temperature is comparable to that observed in quantum well samples7,13. Although the room temperature conversion efficiency is still less than the case with quantum wells, in our case at higher temperatures the sidebands are being generated at far from optimum resonant conditions. As such, we could expect the sideband conversion efficiency at 300 K to be higher if we had an appropriate NIR source tuned to generate sidebands at the peak of the PL.   

The n = + 1 sideband conversion efficiency was investigated at different incident NIR wavelengths, at 4 K, (see figure 3). For these experiments an FEL wavelength and peak intensity of 46 µm and 6 MW/cm2 were used respectively, while the NIR peak intensity was fixed at 80 kW/cm2 for each point. Sideband generation occurs over a range of wavelengths, with the main peak in figure 3 having a FWHM of approximately 20 nm which is very similar to the FWHM of the PL spectrum (see inset of figure 1). This indicates that sidebands can be generated by the whole dot ensemble, as at each NIR wavelength a different subset of dots will be excited and hence responsible for the sideband generation. A second smaller peak can be seen between 920 and 940 nm, which appears to correspond to the excited state heavy hole (e2 – hh2) transition as was observed by Photoluminescence excitation (PLE) measurements (shown as the dotted line). The linewidth of the emitted sideband spectra were the same across the whole wavelength range investigated, with a typical FWHM of 0.4 nm, corresponding to the NIR probe linewidth. 

In conclusion, we have performed terahertz-optical frequency mixing experiments using a self-assembled quantum dot sample, resulting in the generation of optical sidebands. The sideband conversion efficiency at 4 K is lower by three orders of magnitude than the best values reported for quantum well structures 7,13. We have also shown that the maximum sideband emission wavelength is tunable across the dot ensemble, by simply altering the NIR wavelength, allowing sidebands to be generated over a relatively wide range of wavelengths. It should also be noted that the sample measured here was not grown with the primary goal of generating sidebands and therefore it should be possible to greatly improve upon the efficiencies and temperature range measured here, indicating that quantum dot based samples are appropriate for use in optical switching and communication devices.






Figure 1 – Transmitted sideband spectrum taken at 4 K with an FEL wavelength of 46 µm and a peak intensity of 6 MW/cm2. The NIR peak intensity was 80 kW/cm2. The transmitted laser line is attenuated and the n =+ 2 and n = - 1 sidebands have been multiplied by a factor of 10 and 100, respectively, for clarity. The left inset shows the schematic setup, the right inset the PL spectra measured at 4 K.

Figure 2 – n = + 1 sideband conversion efficiency as a function of temperature. For temperatures up to 150 K (circles) the NIR wavelength was tuned to compensate for the shift in the GaAs bandgap and ensure the same subset of dots was evaluated. For higher temperatures (squares) the NIR wavelength was fixed at 995 nm, hence a different subset of dots is examined at each temperature. In all cases the FEL peak intensity was 10 MW/cm2 and the NIR peak intensity was 80 kW/cm2.


Figure 3 – n = + 1 sideband conversion efficiency as a function of incident NIR wavelength at 4 K for an FEL wavelength of 46 µm and an FEL and NIR peak intensity of 6 MW/cm2 and 80 kW/cm2, respectively. The dotted line shows the QD PLE spectrum.
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